The microtubule cytoskeleton is involved in regulation of cell morphology, differentiation, and cell cycle progression. Precisely controlled dynamic properties are required for these microtubule functions. To better understand how tubulin's dynamics are embedded in its primary sequence, we investigated in vivo the consequences of altering a single, highly conserved residue in ␤-tubulin that lies at the interface between two structural domains. The residue differs between the cold-adapted Antarctic fish and temperate animals in a manner that suggests a role in microtubule stability. Fungi, like the Antarctic fish, have a phenylalanine in this position, whereas essentially all other animals have tyrosine. We mutated the corresponding residue in fission yeast to tyrosine. Temperature effects were subtle, but time-lapse microscopy of microtubule dynamics revealed reduced depolymerization rates and increased stability. Mitotic exit signaled by breakdown of the mitotic spindle was delayed. In meiosis, microtubules displayed prolonged contact to the cell cortex during horsetail movement, followed by completion of meiosis I but frequent asymmetric failure of meiosis II spindle formation. Our results indicate that depolymerization dynamics modulated through interdomain motion may be important for regulating a subset of plus-end microtubule complexes in Schizosaccharomyces pombe.
INTRODUCTION
The microtubule cytoskeleton is essential for normal eukaryotic cell function, cellular differentiation, and multicellular development. Dramatic changes in microtubule organization and dynamics occur at cellular transitions that include progression from interphase through mitosis (Mitchison and Salmon, 2001; Rusan et al., 2001) , spindle rotation in early embryonic divisions in animal cells (Ahringer, 2003) , and the formation of specialized microtubule arrays upon mitotic exit or during the meiotic horsetail movement in fission yeast (Hagan and Hyams, 1988; Yamamoto et al., 2001) .
Cyclic polymerization and depolymerization of microtubules, known as dynamic instability, is required for many cytoskeletal functions (Desai and Mitchison, 1997) . Tubulin primary sequence directly affects its conformational stability and presumably interactions between tubulin dimers that can modulate microtubule dynamic parameters. A factor contributing to differences in dynamics is the presence of several tubulin isotypes in cells with up to 15% sequence variations (Murphy et al., 1987) and distinctive dynamic properties (Panda et al., 1994; Bode et al., 2003) . Cellular microtubule dynamics are also sensitive to single mutations in tubulin (Oakley, 1985; Gupta et al., 2001 Gupta et al., , 2002 and are affected by drugs that target tubulins (Downing, 2000) . Understanding how microtubule dynamics are embedded in tubulin sequence is still in its infancy. This knowledge will be essential for a full appreciation of cytoskeletal mechanisms and for advancement of drug development for cancer treatment and for anthelminths, fungicides, and herbicides in agriculture.
␣-and ␤-Tubulins form heterodimeric building blocks of microtubules, and each display ϳ75% conservation in sequence within each family (Burns and Surridge, 1993) . This similarity is presumed to derive in part from sequence constraints imposed by various microtubule structural requirements and from the interaction of tubulin with a large number of nontubulin proteins. Tubulin-associated proteins include those necessary for tubulin folding, dimer formation, and microtubule nucleation (Schiebel, 2000; LopezFanarraga et al., 2001; Nogales, 2001 ) as well as proteins that influence assembled microtubule dynamics or organization (Hunter and Wordeman, 2000; Cassimeris and Spittle, 2001; Schroer, 2001; Cassimeris, 2002) . Regions of tubulin that show almost complete conservation include surfaces involved in GTP binding, longitudinal interactions, and binding of kinesin-like proteins (Nogales, 2001; Löwe et al., 2001 ). The relative rates of evolution of sites within the core of tubulin seem to be faster than those on the surface (Blouin et al., 2003) , but there is remarkable conservation of sequence from the lowest to highest eukaryotes.
Some differences among tubulins involve adaptations to environment, including the ability of microtubules to function at low temperatures (Detrich et al., 1989 (Detrich et al., , 1992 Wallin and Stromberg, 1995; Nyporko et al., 2003) . Purified mammalian tubulins form stable microtubules at temperatures Ͼ30°C, whereas tubulins from some psychrophiles, such as Antarctic fish that thrive at temperatures of -2-1°C, form microtubules at temperatures close to freezing (Detrich et al., 1989 (Detrich et al., , 1992 (Detrich et al., , 2000 Sidell, 2000) . Phylogenetic analysis of ␤-tubulins from Antarctic fish has pinpointed the residue at position 200 as the single consistent sequence difference versus ␤-tubulins of homeotherms (Detrich et al., 2000) . All of the tubulin isotypes sequenced from Antarctic fish have phenylalanine at this position, distinct from almost all other animals that have tyrosine. In fungi, which also have moderately cold-stable microtubules, a phenylalanine is also present, and mutation to tyrosine has been associated with increased resistance to benzimidazoles (Aspergillus nidulans, Jung et al., 1992 ; Botrytis cinerea, Yarden and Katan, 1993) . The residue is positioned at an internal interface between tubulin domains. It has been hypothesized that movement of these domains is a principal conformational change required for depolymerization of microtubules (Amos and Lö we, 1999) . A prediction of this hypothesis is that this residue could have an important role in microtubule stability. We have altered the corresponding residue in fission yeast as F200Y to investigate in vivo the importance of phenylalanine versus tyrosine on microtubule dynamic parameters, extreme temperature stability, and formation and function of distinct microtubule arrays. We discuss the impact of the mutation in regard to tubulin domain structure and cell cycle specific functions of cytoskeletal arrays.
MATERIALS AND METHODS

Sequence Comparison and Computational Analysis of Tubulin Structure
ClustalX (Thompson et al., 1997) was used to align 126 ␤-tubulin sequences obtained from the Swiss-Prot database. To conserve space in the alignment for Figure 1C , tubulin sequences from a smaller but representative number of species, including mainstream model organisms, are shown. Metazoan ␤-tubulins are sometimes described as belonging to a certain class type that is based in part on N-and C-terminal residues. Most sequenced Antarctic fish ␤-tubulins belong to class II, and all use phenylalanine at position 200. Among ␤-tubulins from warm-blooded animals, tyrosine is nearly ubiquitous at this position; however, a phenylalanine residue is present in at least one known sequence. We determined that the choice of phenylalanine versus tyrosine was not more frequent in any class. We also examined Schizosaccharomyces pombe ␤-tubulin in regard to class types, but it did not fit clearly within any defined class. Protein regions examined for this classification included Nterminal residues 33-57 and C-terminal residues beyond residue 430 (according to Sullivan and Cleveland, 1986) . We did observe that S. pombe ␤-tubulin is most similar to chicken class VI ␤-tubulin, a divergent isotype that uses phenylalanine. The model of the tubulin dimer displayed in Figure 1A was prepared using Molscript (Kraulis, 1991) . In Figure 1B , we used the program GRASP (Nicholls, 1991) . The crystal coordinates of the 3.5-Å structure of tubulin (PDB ID 1JFF) are from Lö we et al. (2001) .
Strains, Media, and Temperature and Drug Tests
S. pombe strains used in this work are as follows: 972 hϪ wild type; atb2::GFP] (Ding et al., 1998) ; AK101, AK102, and AK103 are described in a later section for generation of genomic F200Y; mad2D::ura4 ϩ deletion strains mentioned in DISCUSSION were constructed by crossing [hϩ ura4-D18, leu1-32, mad2D::ura4 ϩ ] (He et al., 1997) with YY105 or strain AK101. The ␥-tubulin gene fusion gtb1::GFP (Paluh et al., 2000) was integrated at the ars1 locus in YY105 and AK101 for examining ␥-tubulin localization in meiosis. The h90 strains used are haploid but contain mating type information for both hϩ and hϪ types of cells. Thus, any given population contains an isogenic mixture of hϩ and hϪ cells. Cells grown at 32°C on rich media primarily undergo mitotic growth. High-frequency mating occurs when cells are moved to room temperature and minimal (MSA) media.
Genetic procedures, lithium acetate yeast transformation, rich media (YEA, yeast extract ϩ adenine ϩ casamino acids; or YES, YEA ϩ supplements), and Edinburgh minimal media (EMM) or minimal sporulation media (MSA) are described in Moreno et al. (1991) and Egel et al. (1994) . Adenine, 100 g/ml, and other appropriate auxotrophic supplements were added to media as necessary (leucine, histidine, or uracil at 75 g/ml). Both nonsynchronized cell populations and cells synchronized by 10 mM hydroxyurea as described previously (Moreno et al., 1991) , were used. Temperature and drug sensitivity of cells tested on YES plates used logarithmic cultures grown to a cell density of 1 ϫ 10 5 cells/ml.
Mutagenesis of ␤-Tubulin In Vitro
The ␤-tubulin gene nda3 ϩ was amplified by polymerase chain reaction (PCR) from chromosomal DNA prepared from S. pombe strain 972 by using High Fidelity Taq polymerase (Roche Diagnostics, Indianapolis, IN). Forward and reverse oligonucleotide primers for PCR, (B5L) 5Ј-ATATATAACTGCAGAG-GTTCGCTAATACGGGAAATTATTAAATCAATGCATGCTGGC-3Ј and (B3L) 3Ј-ATATATAAGAGCTCAGCACAGACGATGCTTGGATCCATATGCATCG-GAGT-5Ј (Operon Technologies, Emeryville, CA), corresponded to flanking regions of ␤-tubulin initiating at positions (ϩ538) 5Ј and (Ϫ136) 3Ј. PstI and SacI sites incorporated into the primers allowed cloning of the amplified ␤-tubulin gene into the S. pombe integrable vector pRIP2/S, with coincident removal of the nmt1 promoter (pAKBF; Maundrell, 1993) . The Gene-Editor in vitro site-directed mutagenesis kit (Promega, Madison, WI) and oligonucleotide 5Ј-GAGAACT-CTGACGAAACATATTGCATTGATA-ATGAGG-3Ј (Operon Technologies) were used to generate a phenylalanine to tyrosine point mutation at residue 200 in ␤-tubulin (designated F200Y; pAKBY). Presence of the single mutation versus wild-type nucleotide sequence was confirmed by sequencing (University of California Berkeley Sequencing Facility).
Generation of Genomic F200Y in S. pombe
Plasmid pAKBY (carrying nda3-F200Y) was linearized at an internal unique SpeI site and integrated at the nda3 ϩ locus in YY105 via homologous recombination. Eight ura ϩ transformants, all of which showed similar microtubule phenotypes and cold sensitivity at 19°C, were obtained. Integration is expected to generate a single tandem repeat of nda3-F200Y and native nda3 ϩ separated by plasmid sequences and the ura4 ϩ gene (Figure 2A ). One ura ϩ isolate was chosen for further characterization, termed AK102. It was used to generate strain AK101, which carries a single allele of mutant nda3-F200Y at the native locus, through counterselection of AK102 cells on 5-fluoroorotic acid (5-FOA) plates (Boeke et al., 1984) . Ten 5-FOA-resistant colonies (5FOA R ), which were expected to contain either a restored nda3 ϩ wild-type allele or the nda3-F200Y allele, were transferred to rich plates (YEA) and replica plated onto selective plates (EMM ϩ adenine ϩ leucine ϩ histidine) to confirm loss of the ura4 ϩ gene. All 10 isolates failed to grow in the absence of supplemented uracil, as expected.
Chromosomal DNA from 5FOA R , ura4 Ϫ (AK101) and starting ura4 ϩ cells (AK102) was isolated into HEPES buffer by using glass beads and vortexing to disrupt cells as described previously (Moreno et al., 1991) . PCR was performed using two separate sets of oligonucleotide pairs. The first set was used to detect loss of the ura4 ϩ gene from the ␤-tubulin locus [URA4 oligo: 5Ј-GCAACTTGTCAGTCGCGGTCGATTTGACG-3Ј and ␤-tubulin oligo: B5M, 3Ј-GCTTCTAAGCGCTCCTTATAGGCCTGGCATA] and the second set to confirm the presence of a single copy of ␤-tubulin [␤-tubulin oligos: B3M 5Ј-CTCACTCTTTGGGTGGTGGTACTGGATCTGG and B3 3Ј-TACGAGTA-GACGATTGGAGCTTTATCA]. Cells that had either a restored wild-type or mutant ␤-tubulin allele were both found in the 5FOA R population, as determined by sequencing (of 10 colonies analyzed, three were mutant). No extraneous ␤-tubulin mutations were detected.
Southern hybridization followed standard procedures. HindIII-digested chromosomal DNA (10 -20 g) was gel fractionated and transferred onto Hybond N ϩ membrane (Amersham Biosciences, Piscataway, NJ). Prehybridization and hybridization were performed at 65°C by using as probe a short internal ␤-tubulin fragment generated by PCR and corresponding to amino acids 136 -349 in nda3 ϩ . The DNA probe was labeled by random priming.
Live Cell Analysis
Procedures for visualization of green fluorescent protein (GFP) in living cells were as described previously (Paluh et al., 2000) . Coverslips were coated with 0.1% polyethyleneimine and sealed with VALAPA (1:1:1 petroleum jelly, lanolin, and paraffin Measurements of microtubule dynamic parameters in vegetative cells (Table 1) used time-lapse single plane series, 2-s intervals, 200-ms exposure, of 30 -60 time points (1-2 min total time) at room temperature. Rates of microtubule growth and shrinkage were determined from linear interphase microtubules in consecutive frames by using the MetaMorph Line Tracking function. At least three measurements tracking the movement of a single microtubule end were made. In some cells, fiduciary marks from uneven incorporation of GFP-␣2-tubulin allowed us to further monitor rates ( Figure  4E , 210 s to end). Meiotic measurements used time series acquired at 15-, 20-, or 30-s intervals for astral microtubule dynamics in horsetail movement or 30-to 60-s intervals for meiosis I. Longer intervals in meiosis I, 200-ms exposures, along with beginning image acquisition at middle to late anaphase I avoided phototoxicity. The point of near maximum spindle extension in meiosis I time series (within 1 m) was used as the start point for timing meiosis I spindle breakdown. This was readily observable by manually switching between consecutive images in a series by using the MetaMorph Select Plane and Region Measurement functions. The final time point was that before spindle microtubules lost continuity between poles (i.e., when a gap appeared).
In cold-mediated depolymerization of GFP-␣2-tubulin containing microtubules on slides, 2 l of cells was placed on a slide under a coverslip, incubated on ice for 10 min, and moved quickly to the microscope for immediate time-lapse imaging. From a field of cells, repolymerizing microtubules were monitored at 5-to 10-s time points. Several time-lapse sequences were acquired for both strains and found to exhibit the same distinct trends. Measurements of microtubule length were done using the MetaMorph Region Measurement function. Ten to 29 microtubules were measured for each time point, by using those microtubules that displayed the clearest focus for accuracy. The actual numbers obtained from the images in Figure 3 
Immunofluorescence
Standard procedures were used to visualize microtubules (Mata and Nurse, 1997; Hagan and Ayscough, 2000) . Cells were grown in appropriate media (15-20 ml) at 32°C, filtered onto Whatman glass microfiber filters, and placed in Ϫ80°C MeOH for 15 min. Primary antibody incubation of cells was done in PEMBAL (100 mM PIPES, pH 6.9, 1 mM EGTA, 0.1 mM MgSO 4 , 1% bovine serum albumin, 0.1% sodium azide, 100 mM lysine, and 0.5% gelatin) overnight at 4°C with 1/50 dilution of TAT1 mouse monoclonal antibody (Woods et al., 1989) . Alexa Fluor 488 (Molecular Probes, Eugene, OR) secondary antibody was used at 1/200 dilution. DNA was stained with Hoechst 33342 (Sigma-Aldrich, St. Louis, MO). 
nidulans, S. pombe).
Numbering is according to human ␤-tubulin. The conserved phyla-specific residue corresponds to human Y200, Antarctic fish F200, and S. pombe F200 and is indicated by an arrow. Residues are colored as follows: orange, G, P, S, and T; red, H, K, and R; blue, W and Y; aqua, F; green, I, L, M, and V; and white, A, C, N, D, E, and Q. The histogram at the bottom of the sequences reflects conservation of amino acids at each position.
RESULTS
A Conserved Internal Residue in ␤-Tubulin Is Positioned to Affect Interdomain Motion
A dramatic architectural change occurs in microtubules upon depolymerization to allow rapid peeling and curling of microtubule ends (Mandelkow et al., 1991; Desai and Mitchison, 1997; Tran et al., 1997) . One hypothesis is that the conformational adjustment in tubulin dimers required for this change is achieved through the relative movement of the nucleotide-binding and intermediate domains (shown in Figure 1, A and B) . Any inhibition or facilitation of domain motion by modulation of residues in the interface would thus impact microtubule stability. Our examination of residues at this interface in various species indicates that the bulk remain invariant or display only conservative substitutions (shown in Figure 1B as aqua and purple spheres, respectively). A few residues do show nonconservative substitutions (yellow spheres). Unique to this class is the residue corresponding to position 200 in mammalian ␤-tubulin (red in Figure 1 , A and B), which displays a phyla-specific pattern of conservation ( Figure 1C, arrow) . The intraphyla conservation and interphyla diversity of this critically positioned residue in organisms living in contrasting thermal environments further supports its role in microtubule stability.
S. pombe nda3-F200Y Is Resistant to Benzimidazole Antimicrotubule Reagents Carbendazim (MBC) and Thiabendazole (TBZ)
We generated the F200Y mutation in S. pombe ␤-tubulin to carefully address in vivo its impact on microtubule dynamic parameters, its importance for microtubule organization during the mitotic cell cycle or upon cellular differentiation, and finally its possible role in cold lability suggested by our phylogenetic analysis. Mutations in fungal and helminth ␤-tubulins at residue 200 have been described in regard to benzimidazole drug resistance (Jung et al., 1992; Kwa et al., 1994) . We also characterized drug sensitivity changes in S. pombe as a result of altering this residue. The S. pombe wild-type ␤-tubulin gene nda3 ϩ (Toda et al., 1983) was obtained by PCR, mutagenized in vitro, and recombined at the native locus in wild-type strain YY105 (Figure 2A ; see MATERIALS AND METHODS). Treatment with 5-FOA regenerated either wild-type or mutant nda3-F200Y single alleles (Figure 2, A and B) . Strain YY105 contains an additional copy of the nonessential ␣2-tubulin gene fused to GFP (Ding et al., 1998) . It has been used extensively in S. pombe for live analysis of microtubule cytoskeletal behavior during mitotic growth (Mallavarupa et al., 1999; Brunner and Nurse, 2000a; Drummond and Cross, 2000; Paluh et al., 2000; Tran et al., 2001 ) and in meiosis (Ding et al., 1998; Yamamoto et al., 1999 Yamamoto et al., , 2001 Miki et al., 2002) .
Several of the benzimidazole agents, including TBZ and MBC, induce microtubule depolymerization (Davidse and Flach, 1978; Friedman and Platzer, 1978) . In Aspergillus nidulans, residues at amino acids 165 and 198 -200 have been found to be mutated in drug-resistant strains and may contribute to a benzimidazole binding site (Jung and Oakley, 1990; Jung et al., 1992) . We examined the F200Y mutant for resistance to TBZ and MBC. Both serial dilutions and streaks of nda3-F200Y (F200Y/AK101) and wild-type cells (control strains YY105, 972, and AK103) are shown (Figure 2 , C and D). Strain F200Y/AK101 is completely resistant to TBZ (to 100 g/ml) but only to lower levels of MBC (to 20 g/ml). All wild-type strains showed sensitivity to both drugs at concentrations as low as 10 g/ml, as expected.
Rapid Recovery of Ectopic Nuclear Microtubule Arrays in F200Y after Cold Treatment
Antarctic fish, like fungi, use a phenylalanine at residue 200 in contrast to tyrosine in warm-blooded animals. Conservation of this residue, exclusive of any other evident psychrophile-specific ␤-tubulin residues in Antarctic fish, suggests a possible role in stabilizing microtubules against cold sensitivity, although nonconserved residues may also contribute. To test for conditional growth in our mutant, we plated serial dilutions of F200Y/AK101 and wild-type cells on rich media and incubated the cells at 36, 32, 25, and 16°C ( Figure  3A ). No differences in growth were observed for F200Y/ AK101 versus wild-type strains at any of these temperatures. We did observe that strain YY105 is slightly cold sensitive versus strain 972 and AK103 at 16°C. Additional growth tests conducted at 11°C (our unpublished data) were similar. Next, we compared microtubule stability upon sudden exposure to extreme cold temperature in the mutant versus wild-type. We incubated cells growing logarithmically in 10 ml of YES on ice for 30 min, fixed the cells, and examined microtubules by immunofluorescence ( Figure 3B ). Microtubules in both the mutant and wild type seemed to have depolymerized similarly under these conditions.
On examination of mitotic and meiotic phenotypes (see following sections) and determination of microtubule dynamic parameters for F200Y/AK101 (Table 1) , we were prompted to reexamine recovery from cold-induced depolymerization of microtubules. This was done using small volumes on slides. Cells were preexamined for good GFP microtubule signals, spotted onto slides, incubated on ice for 5 or 10 min, quickly focused, and imaged immediately to monitor repolymerization of microtubule arrays. We hypothesized that cold-induced depolymerization of microtubules might be delayed or incomplete in the mutant versus wild type. If so, recovery of microtubule arrays would be faster in the mutant. In both the wild-type and mutant cells incubated on ice, microtubule depolymerization occurred extremely rapidly on the slides (complete within 10 min) compared with our previous experiments with cultures. Recovery of microtubule arrays was followed at 5-to 10-s intervals. In F200Y cells, microtubules can be seen extending from multiple sites on the nuclei from the earliest time points attainable. Slower recovery from 4°C occurs in YY105 cells and is evident in microtubule lengths ( Figure 3E ). For example at 30 s, the mean microtubule length in F200Y is 1.37 m versus 1.00 m in YY105. Additionally, we observed that in YY105 cells at the first time point, the earliest forming microtubules extend from a single prominent site in many cells ( Figure 3C , arrowheads). This difference has not been described previously (Tran et al., 2001 ) and may suggest that reformation of cold-treated microtubules occurs first from the spindle pole body, preceding ectopic sites. However, because this was primarily evident at the earliest time points, we were technically limited to further clarify this observation.
Delayed Mitotic Exit
Microtubule arrays in S. pombe are well characterized in mitosis and meiosis (Hagan, 1998; Svoboda et al., 1995; Ding et al., 1998) and are summarized in Figures 4A and 5A . Changes in microtubule organization are known to affect cell morphology, spindle reorientation, chromosome segregation, and mitotic exit. We used time-lapse videomicroscopy to follow microtubule dynamics in our nda3-F200Y cells. Nonsynchronized cells or cells synchronized in early S phase by addition of and release from 10 mM hydroxyurea were examined. Progression through mitosis is shown in Figure 4 , B and C, for wild-type and F200Y/AK101 cells, respectively. No differences in organization of interphase microtubule arrays were observed between mutant and wild-type cells, or during early mitosis and anaphase, in which spindle formation and elongation seemed to proceed with normal dynamics. In telophase, spindle function continued to seem normal in the mutant. However, mitotic exit, indicated by breakdown of the spindle after its extension to cell ends, was significantly delayed. In wild-type cells within 60 -120 s of full extension, spindle breakage occurs ( Figure  4D and Table 1 ). In the mutant, spindle breakdown is significantly delayed. Cells fell into two general time ranges: group I (up to 75% of cells observed) completed spindle breakdown in 5-7 min ( Figure 4E and Table 1 ), whereas group II (up to 25% of cells observed) required 10 -12 min (Table 1 ). The extent of delay was not predictable from initial observations of microtubule contact with cell ends. In all cases, the spindle became slightly hyperextended (Table 1) and arched or bow shaped during delay. On occasion we observed slightly larger cells with S-or scythe-shaped spindles ( Figure 4F ). As in wild-type cells, we observed gradual depolymerization of individual microtubules during spindle breakdown in F200Y, seen as fiduciary marks (Sagolla et al., 2003) . Postanaphase arrays at the cell center formed normally. Thus, the nda3-F200Y mutation does not affect micro- tubule architecture during vegetative cell growth but does interfere with normal spindle breakdown and exit from mitosis. Delayed spindle breakdown was also observed for meiosis I (Table 1) .
Nda3-F200Y Alters Select Stages of Meiosis
The meiotic process in eukaryotes requires multiple specialized cytoskeletal events for karyogamy and segregation and reductional divisions of chromosomes. After karyogamy in fission yeast, the zygotic spindle pole body attaches to a bundle of microtubules and dynamically oscillates back and forth along the cell length. These so-called horsetail movements enhance recombination and are mediated by dynein, microtubule sliding in the bundle, and transient attachment of astral microtubules to the cell cortex (Ding et al., 1998; Yamamoto et al., 1999 Yamamoto et al., , 2001 Hagan and Peterson, 2000) . We examined organization and dynamics of meiotic microtubule cytoskeletal arrays in F200Y/AK101 cells versus wild-type. Representative stages of meiosis (diagrammed in Figure 5A ) are shown for wild-type ( Figure 5B ) and mutant ( Figure 5C ) cells. Formation of the fused zygotic nucleus during karyogamy and the bundled microtubule array for horsetail movement were similar ( Figure 5 , A-C, frames 1 and 2). However, horsetail astral microtubule arrays in the mutant seemed more spidery or finger-like than those of wild-type cells. This is particularly striking in images obtained using time-lapse microscopy ( Figure 6 ; Supplemental Movies: HorsetailF200Y, HorsetailYY105). Assembly, elongation and breakdown of meiosis I spindles seemed normal ( Figure 5 , frames 3-8; Supplemental Movies of spindle breakdown: MeiosisIF200Y, MeiosisIaYY105, MeiosisIbYY105); however, as with mitosis, spindle breakdown took longer to occur in 50% of the cells examined (Table 1) . After meiosis I spindle breakdown, short microtubule arrays extend from multiple sites on reformed nuclei in both wildtype and mutant cells (frame 9).
Meiosis II was dramatically affected in the mutant (frame 10). We observed frequent failed spindle formation in a single pair of spindles, in 35-45% of the cells, by live examination of cells carrying GFP-␣2-tubulin (discussed below). This phenotype was not observed in wild-type cells. F200Y cells progressing through meiosis II showed normal formation of numerous microtubules around nuclei that preceeds prespore formation, although these microtubules were more readily observed in F200Y cells (frame 11). Spore morphology was normal; however, spore numbers per ascus varied from wild type (Figure 7 , discussed below).
In summary, microtubule behavior during at least three distinct stages of meiosis is clearly affected in the nda3-F200Y mutant: horsetail movement, meiosis I spindle breakdown, and meiosis II spindle formation. Microscopic analysis of these stages is consistent with sporulation analysis that indicates an increase in two and three-spored asci in the mutant and reduced spore viability (47% decrease; YY105, n ϭ 1676; F200Y, n ϭ 890).
Persistent Attachment of Astral Microtubules to the Cell Cortex during Horsetail Movement
During horsetail movement, astral microtubules normally extend from the fused spindle pole body of the zygotic nucleus to transiently interact with sites on the cell cortex (Yamamoto et al., 2001) . These microtubules are dynamic and depolymerize quickly as the oscillating nucleus reverses direction ( Figure 6A ; wild type in 6B). In the nda3-F200Y mutant cells, as the nucleus reverses direction and moves away from the cell end, astral microtubule ends remain clearly attached longer at the cell cortex ( Figure 6C and Table 1 ; Supplemental Movies: HorsetailF200Y and HorsetailYY105). The number of astral microtubules for wild-type or nda3-F200Y cells was similar (four to five microtubules), and the dynamic movement of the horsetail nucleus seemed as in wild type (our unpublished data). Interestingly, prolonged astral microtubule contacts were not observed in mitosis. The nature of cortical contacts is expected to be different in mitosis vs. meiotic horsetail movement and may account for this striking difference in behavior. Time-lapse imaging of horsetail movement in both wild-type and mutant cells revealed that an astral microtubule can remain attached at the cortex but detach from the pole region during oscillations ( Figure 6D, arrowheads) . We observed this to happen in at least 75% of our horsetail time series with wild-type or nda3-F200Y. No detachment of astral micro- J.L. Paluh et al. tubules from the pole region has been reported previously. However, the brightness of the microtubule horsetail bundle often makes astral microtubules harder to visualize in general.
Asymmetric Spindle Collapse in Meiosis II
The transition from meiosis I to meiosis II in S. pombe requires breakdown of the meiosis I spindle, spindle pole duplication, and the reassembly of paired spindles for meiosis II equational division. In wild-type cells, meiosis II spindles form and elongate in synchrony by an unknown mechanism. In nda3-F200Y cells, we observed frequent asymmetric failure in meiosis II spindle formation. Timelapse microscopy revealed that the failing spindles were capable of initiating assembly into short bipolar arrays but were unstable. Short 2 m spindles formed, often with frequent shifts in length from growth to shrinkage before collapsing ( Figure 6, E and F) . The initial formation of both spindles was synchronized. We also observed cells in the population that had elongated a single meiosis II spindle normally, whereas the second spindle was shorter and lighter at the spindle midzone ( Figure 6G , frame 1), or had a single elongated spindle without evidence of the second spindle of the pair ( Figure 6G , frame 2), or had two meiosis II spindle pairs in which one of greatly reduced microtubule intensity (compare Figure 6G, frames 3 and 4) . Disruption of spindle behavior in a single pair of the two meiosis II spindles has not previously been described in fungi or animal cells. The redistribution of spindle components necessary to monitor and carry out the two sequential chromosome divisions of meiosis must be required. One explanation for our observations is that ␥-tubulin redistribution to spindle poles (Marschall et al., 1996) could be affected by the change in microtubule dynamics in nda3-F200Y. However, this would have to be a meiosis-specific occurrence because we saw no such defects in mitosis. We also saw no evidence of unequal distribution of ␥-tubulin by use of a gtb1-GFP fusion protein in meiosis I or meiosis II (our unpublished data). Finally, initial spindle intensity, and presumably therefore the number of microtubules present, was similar between the stabilized and failing spindle pairs.
Generation of Two and Three-spored Asci and Reduced Spore Viability after Meiosis in nda3-F200Y Cells
We examined the final products of meiosis for spore viability and the presence of normal-looking, four-spored asci. As expected from our in vivo time-lapse imaging of meiotic cytoskeletal arrays, we observed an increase in two and three-spored asci in the mutant versus wild type (Figure 7) . The position of the asci is also reflective of the cytoskeletal defect. For example, two-spored asci may result from failure to progress to meiosis II, with distally separated spores, or failure in meiosis II without anaphase with two more closely positioned spores in an ascus. The generation of threespored asci is expected for failure of a single pair of meiosis II spindles. We observed no abnormal spores that could indicate a problem with prespore formation in the mutant. Formation of the forespore membrane initiates as meiosis II nears completion. It begins at the spindle poles and extends along the dividing nuclei to eventually encircle each haploid nucleus once spindle disassembly is complete (Nakamura et al., 2001 , and references therein). In Figure 7 , the number of three-spored asci observed is slightly less than that expected from our microscopic analysis by using GFP-␣2-tubulin. This indicates either failure to undergo anaphase II chromosome segregation or rescue of the phenotype, because not all observed asymmetric meiosis II spindles were followed through to the completion of meiosis. 
DISCUSSION
The microtubule cytoskeleton plays an active role in cell cycle progression, including roles in chromosome segregation, cellular morphology, and organelle transport. The dynamic nature of microtubules themselves contributes to these processes. Microtubules are composed of tubulins, as are in part the structures involved in nucleating microtubules. A heterodimer of ␣-␤-tubulin forms the predominant protofilament structure of microtubules. ␥-Tubulin is primarily localized to spindle poles and forms part of the microtubule-organizing center. Four additional tubulin family members, ␦, ⑀, , and are associated with centrioles and basal bodies (for review, see Dutcher, 2001; McKean et al., 2001) . In the single-celled yeasts, two isotypes of ␣-tubulin are present along with single alleles of ␤-tubulin and ␥-tubulin. In vertebrates, multiple isotypes of both ␣-and ␤-tu- bulin exist and can be incorporated into microtubules. Tubulin isotype sequences may differ by as much as 15%, and isotype expression is often cell type specific or developmentally regulated. The ratio of mixed isotypes within microtubules can affect dynamic properties of microtubules in vitro and, in vivo, can impact cytokinesis and chromosome segregation (Matthews et al., 1993; Panda et al., 1994; Matthies et al., 1999; Bode et al., 2003) .
Gross differences in tubulin sequence such as those present in isotypes are not necessary to alter microtubule dynamic properties. Numerous single residue mutations in ␣-and ␤-tubulins have been isolated in fungi that affect microtubule stability as reflected in drug resistance and cold sensitivity (Jung and Oakley, 1990; Yarden and Katan, 1993; Richards et al., 2000; Gupta et al., 2001 Gupta et al., , 2002 . Recessive mutations in a testis-specific ␤-tubulin isotype in Drosophila are known to result in altered structure of the axoneme and the associated microtubule arrays, as well as failed cytokinesis (Fuller et al., 1988) . In addition to the residues identified in tubulins by mutational studies, phylogenetic sequence analysis combined with structural information on tubulin is helping to identify phyla-specific residues of functional importance (Detrich et al., 2000; Blouin et al., 2003) .
A comparison of the primary sequence of Antarctic fish tubulins with those of other animals and fungi has identified a single residue as the only consistent difference between ␤-tubulins of psychrophilic fish and virtually all other animals. Interestingly, the residue lies at an important domain interface in tubulin structure, and in fungi is implicated in resistance to antimicrotubule benzimidazole agents. A relative rotation at the domain interface has been hypothesized to follow GTP hydrolysis and microtubule depolymerization. Such motion may be necessary to produce the curling of protofilaments seen in rapidly depolymerizing microtubules and in GDP-tubulin rings (Erickson and Stoffler, 1996; Amos and Lö we, 1999) . No information was available on the impact of this important residue, phenylalanine 200, on microtubule dynamic parameters, extreme cold sensitivity, or formation of microtubule arrays in mitosis and meiosis, leaving studies on the functional importance of this position in tubulin structure incomplete.
We chose to investigate the importance of phenylalanine versus tyrosine at position 200 in fission yeast (nda3-F200Y), the residue corresponding to Antarctic fish phenylalanine and mammalian tyrosine. We postulated that the difference in amino acid side chain character could be enough to alter the energy barrier for domain motion and thus affect the stability of microtubules in regard to depolymerization and thermal properties. Our analysis of microtubule dynamic parameters for nda3-F200Y indicates a decrease in depolymerization rate versus wild type. Altering phenylalanine to tyrosine did not affect temperature stability in vivo, but had drastic consequences on the behavior of specific microtubule arrays in both mitosis and meiosis. These affects only delayed completion of mitosis but resulted in frequent failure in meiosis.
Most striking about our in vivo observations with nda3-F200Y cells is that altered depolymerization rates dramatically affect only a subset of cellular processes that involve plus-end microtubule complexes (Howard and Hyman, 2003) . This includes extended cortical contacts of meiotic horsetail astral microtubules without alteration of interphase arrays in mitosis, the delayed spindle breakdown for mitosis and meiosis I, and failed spindle formation in a single pair of meiosis II spindles. In regard to interphase and horsetail arrays, more rapid depolymerization rates may be necessary for destabilization of dynein-dynactin complexes used during the horsetail movement of meiosis (Yamamoto et al., 2001; Miki et al., 2002) . Unaffected in the mutant were interphase microtubule cortical contact behavior of vegetatively growing cells (Brunner and Nurse, 2000b; Sawin, 2000; Schroer, 2001) or astral microtubule behavior that is necessary to orient the spindle before anaphase (Gachet et al., 2001) .
The plus ends of microtubules that form the anaphase spindle midzone use a unique complex of proteins that includes passenger proteins and kinesin-like proteins (for review, see Severson and Bowerman, 2002) . In budding yeast, Kip3p localizes to astral and central spindle microtubules (DeZwaan et al., 1997) , and loss of Kip3p has been shown to delay spindle breakdown and result in elongated spindle microtubules (Straight et al., 1998) . Similarly, in our F200Y cells, depolymerization of individual spindle microtubules occurred; however, the onset and completion of this event was delayed and the spindle became hyperextended. In meiosis, we observed that the failure in a single meiosis II spindle of the pair occurs at a frequency near 50%. It is interesting to note that delayed breakdown of the meiosis I spindle had a similar frequency of occurrence. In the transition between meiosis I and meiosis II, repositioning of passenger proteins has been described to occur in the mouse (Parra et al., 2002) . The identification of passenger proteins and their behavior during mitosis is still at its infancy in fission yeast (Leverson et al., 2002) , and no studies have been done in yeast for meiosis. If these proteins become distributed asymmetrically due to delayed meiosis I spindle breakdown in F200Y cells, meiosis II spindles could be differentially affected in their stability. Activated checkpoint proteins might be expected to monitor meiosis II behavior. If so, Mad2 is unlikely to be involved because we observed no differences in meiotic progression through meiosis II in nda3-F200Y cells carrying a mad2 deletion (our unpublished data).
Asymmetric distribution of certain regulatory components associated with spindle poles is known to occur normally in mitosis (Cerutti and Simanis, 1999) . However, there is no similar evidence for such asymmetric distribution of components to spindle poles in meiosis. We cannot rule out that the meiosis II failure we see may be due to a defect at the spindle poles. Complex changes that occur in spindle pole bodies during meiosis include fusion, separation, and duplication and may require redistribution of components and be more sensitive to changes in depolymerization dynamics of microtubules than simply duplication in mitosis. However, ␥-tubulin localization seems normal, as does formation of spore walls that requires intact spindle pole body complexes. A more detailed analysis of the meiosis II spindle phenotype that includes electron microscopic analysis may be necessary to unambiguously rule out the possibility of a defect at spindle poles.
Understanding the role of the conserved phenylalanine residue in drug resistance to benzimidazoles is now extended to S. pombe for thiabendazole. We also provide new information in regard to carbendazim. The F200Y mutation produces a large effect on drug resistance but only a relatively small effect on microtubule stability. This difference suggests that the mutation directly inhibits drug binding, consistent with the hypothesis that the binding site is in the vicinity of residues 6, 165, 198, and 200 (Jung et al., 1992) and residue 167 (Prichard, 2001) . It seems likely that the tyrosine hydroxyl blocks part of the benzimidazole-binding region or changes the hydrophobic nature of the region. The presence of either tyrosine or phenylalanine at position 200 is strongly correlated with either asparagine or alanine, respectively, at position 165. The latter combination seems to have a hydrophobic void that may serve as part of the drug-binding site. Replacement of the phenylalanine by tyrosine would par-tially fill this void. We note that the most likely hydrogenbonding partner for Y200 is N165, as judged from the crystal structure. The Antarctic fish also have N165 but clearly not the hydrogen bond with F200. The fungal A165 offers little relevant interaction with either the wild-type F200 or the mutant Y200. This region is internal to the protein, so access of the drug to the binding site apparently would involve some conformational change. It is also possible that the mutation inhibits this conformational change, and the corresponding protein stabilization results in some stabilization of the microtubules.
Only very subtle differences in cold sensitivity of microtubules, which may simply reflect the decreased microtubule depolymerization rate in nda3-F200Y, were observed in the mutant. The underlying reason for the striking phylaspecific conservation of this residue in Antarctic fish as well as the source of the low-temperature microtubule stability, thus remain unclear. It has been observed that, in microtubules formed with different tubulin isotypes, a minority population of tubulin dimers can confer properties to the bulk. For example, when Atlantic cod and bovine brain tubulins were mixed, the resulting microtubules showed temperature stability more characteristic of the minor cod component (Wallin and Billger, 1997) . Thus, it may be that the stability of the Antarctic fish microtubules arises from one different isotype that has an uncommon stability. A number of differences between some of the fish tubulin isotypes and other animal tubulins were noted previously, including several at the interprotofilament interface. The results of this work point to the need to examine some of these other sites as providing possible clues to thermal differences in dynamics and stability.
